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development through the regulation of morphogenesis, instead of cell
fate speciﬁcation.
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Visualizing morphogen distribution in lumen
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Diffusion dynamics of extracellular signalling molecules have been
extensively studied recently. In several developing systems such as
neural tube, it has been suggested that morphogen in lumen i.e. inside
neural tube, may play an important role during development.
However, the detection of diffusing molecule is technically difﬁcult
because the molecule must be immobilized by ﬁxation to be
visualized by immunohistochemistry. In the case of lumen, extra-
cellular matrix is lacking which can trap diffusing signalling molecule,
so distribution of diffusing molecule cannot be detected with
conventional immunohistochemistry. In the present study, we
developed a simple method to visualize the distribution of diffusive
signallingmolecule in lumen.We validated the result by collecting the
liquid in lumen and detecting the molecule by Western blot. Then we
applied the method to several developing organs to examine the role
of the signalling molecule in lumen during development.
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Shh signaling regulates reciprocal epithelial–mesenchymal
interactions controlling palate development
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The mammalian secondary palate arises by outgrowth from the
oral sides of the paired maxillary processes ﬂanking the primitive oral
cavity. The outgrowth of the bilateral palatal shelves depends on
reciprocal interactions between the oral ectoderm and the underlying
neural crest derived mesenchyme. Previous studies have implicated
Sonic hedgehog (Shh) as an important epithelial signal for regulating
palatal growth. However, the cellular and molecular mechanisms
through which Shh regulates palatal development in vivo have not
been directly analyzed, due in part to early embryonic lethality of mice
lacking Shh or other essential components of the Shh signaling
pathway. Using Cre/loxP-mediated tissue-speciﬁc inactivation, in
either the developing palatal epithelium or palatal mesenchyme, of
the Smoothened (Smo) gene, we show that the epithelially expressed
Shh signals to the palatal mesenchyme to regulate cyclin-D1
expression and palatal mesenchyme cell proliferation. In addition,
Shh signaling maintains Fgf10 mRNA expression in the palatal
mesenchyme and secondarily affects palatal epithelial cell prolifera-
tion. Together with previous reports that the mesenchymally
expressed Fgf10 signals to the palatal epithelium to positively regulate
Shh mRNA expression, these data demonstrate that Shh and Fgf10
function in a positive feedback loop mediating the reciprocal
epithelial–mesenchymal interactions that regulate palatal outgrowth.
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The central role of Wnt ligands in early cardiac commitment,
expansion, and differentiation is poorly understood. Wnt2a is
expressed in precardiac mesoderm and later in the inﬂow portion
of the heart including the atria. Our Wnt2a mutants have more than
80% embryonic and perinatal lethality. Morphological defects are
observed in the development of the atrioventricular canal, endo-
cardial valves and in the atrial and ventricular myocardium. Loss of
Wnt2a signaling leads to decreased sarcomere development in the
myocardium of Wnt2a mutant heart.Wnt2b is expressed in a similar
pattern as Wnt2a in cardiac mesoderm. Of note, Wnt2b null mice are
viable and do not display obvious cardiac phenotypes. Remarkably,
Wnt2a/2b DKO mutants die by E14.5 and display more severe
defects in AV canal, endocardial cushion, and atrial myocardium
development than Wnt2a single mutants. Microarray studies have
indicated that endocardial marker genes are signiﬁcantly upregu-
lated, whereas myocardial marker genes are signiﬁcantly down-
regulated in Wnt2a mutant hearts. Two cardiac-speciﬁc transcription
factors, GATA6 and Sall3, are markedly reduced in Wnt2a mutant
hearts, providing insight into possible mechanisms underlying the
phenotype in Wnt2a mutants. The expression of Isl1 is signiﬁcantly
downregulated in the atrium of Wnt2a mutant hearts. These data
implicate that Wnt2 regulates differentiation of cardiac precursors
into myocardial and endocardial lineages, which is required for
proper AV canal morphogenesis, endocardial valve formation, and
atrium development.
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Daam1 is required for mouse heart morphogenesis
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Daam1 is a formin-homology protein implicated in b-catenin
independent Wnt signaling. Daam1 complexes with the Wnt effector
protein Disheveled and Rho-family GTPases in the presence of Wnt
receptor binding and is required for Wnt proteins to activate RhoA.
Daam1 is highly expressed in cardiac myocytes during mouse heart
development. We therefore deleted Daam1 speciﬁcally in the heart to
determine the role that Daam1 plays during heart morphogenesis.
Daam1 mutant hearts have greatly enlarged right atria relative to the
hearts of wild type siblings at all ages examined. Furthermore,
histological examination reveals the presence of atrial septal defects
in Daam1 mutant hearts and an expansion of atrial tissue around
proximal portions of the incoming vena cava. Finally, the myocardium
of Daam1 mutants has a disrupted cellular architecture in both the
atrial and ventricular compartments and transmission electron
microscopy reveals defects in the intercalated discs of Daam1
mutants. To further examine the role that Daam1 plays in cell–cell
adhesion, we transfected primary cultures of neonatal ventricular
myocytes with either Daam1 or control siRNA. In control treated
cultures, beating foci of cardiac myocytes are highly interconnected
to one another by cellular protrusions but these protrusions are often
thin or incomplete in cultures treated with Daam1 siRNA.
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